Mechanical wounding of 2-week-old maize (Zea mays L.) leaves, one of the first steps in both pathogen infection and herbivore attack, stimulates metabolism and activates signal transduction pathways dedicated to defense and recovery. The signaling pathways include reversible protein phosphorylation which can modulate protein activities, and transmit signals within cellular pathways and networks. We have used multiplex-staining of high-resolution 2D gels for protein (Sypro Ruby) and phosphorylation (Pro-Q Diamond) as a strategy for quantifying changes in the stoichiometry of phosphorylation after wounding for 270 protein spots. Rigorous statistical analysis of the time-index data allowed us to accept patterns of change in 125 of the spots as non-random, and these patterns were assigned to five clusters. A reliable identity was assigned to 21 selected proteins, most of which have been previously described as phospho-proteins. The results suggest that analysis of protein spots from high-resolution 2D gels by multiplex-staining for protein plus phosphorylation is a strategy that can be broadly useful for study of how the phospho-proteome responds to abiotic stress.
Introduction
Because they are sessile, plants are constantly subjected to both biotic and abiotic challenges. Mechanical wounding can result from either abiotic stress (caused by wind, rain, hail, etc.) or biotic stress (caused by herbivore feeding), however, in either instance wounding can provide a gate for pathogen invasion. A localized injury can activate defense mechanisms throughout the plant, both directly in the tissues damaged (local response) and in the nonwounded areas (systemic response) (Schilmiller and Howe, 2005) . Recovery from the initial attack is the responsibility of locally-activated responses, while deterring further injury/attack involves both local and systemic responses. Wounding triggers specific defense responses, which then in part serve to activate specific developmental programs that prepare the host to resist further attack. Extant evidence implies cross-talk between woundand pathogen-activated signaling pathways. Mithöfer et al. (2005) reported that mechanical damage of maize leaves by feeding cater-pillars induced synthesis of defense compounds in a pattern similar to that caused by herbivore attack. Some regulatory interactions function to generate signals for activation of different pathways. Whether different signaling pathways activated in response to different stress factors converge remains controversial , although it has been reported that activation of gene-for-gene plant-pathogen interactions and response to mechanical wounding intersect at the level of the mitogenactivated protein kinase (MAPK) cascade (Romeis et al., 1999 ).
An early and rapid response to herbivory is a Ca 2+ influx limited to cell layers lining the wounded zone (Maffei et al., 2007) . The changes in Ca 2+ location and concentration are detected by the Ca 2+ -binding sensory proteins which are critically involved in responses to herbivory (Arimura and Maffei, 2010) . The calciumdependent proteins kinases (CPKs) are critically important in the various responses to abiotic and biotic stresses (Das and Pandey, 2010) .
Reversible phosphorylation is the one of the most common post-translational protein modifications, and is critical in control of multiple cellular functions including the stress/defense responses (Ytterberg and Jensen, 2010) . Wound signaling pathways are regulated by reversible protein phosphorylation (Rojo et al., 2003; Seo et al., 2007) . While not exclusively or uniquely the case, in plants two classes of protein kinases, MAPK's and CPK's, are activated by wounding. The CDPK's are especially interesting because in some cases they can act as both calcium sensors and signal transducers (Harper et al., 2004) . We have previously noted that the mechanical wounding of maize leaves induces accumulation of transcript encoding the CDPK, ZmCPK11, and stimulates kinase activity both locally at the injury site and systemically in distant non-wounded leaves (Szczegielniak et al., 2005) .
The need for a simple, sensitive, and specific phospho-protein stain led to the development of Pro-Q Diamond (Martin et al., 2003a,b) . Compatibility with other stains (Steinberg et al., 2003) and with downstream mass spectrometry (MS) analysis led to an almost immediate adoption by the proteomics community. Pro-Q Diamond has been used for both small and large-scale analyses of the bacterial (Lévine et al., 2006) , yeast (Kristjansdottir et al., 2008) , human (Steinberg et al., 2003) , and angiosperm plant (Agrawal and Thelen, 2006; Ke et al., 2009; Du et al., 2010) phospho-proteomes. To better understand stress-induced signal transduction in maize leaves, we have begun to analyze changes in the leaf phospho-proteome in response to mechanical injury. Multiplex-staining of high-resolution 2D gels for protein (Sypro Ruby) and phosphorylation (Pro-Q Diamond) allowed us to quantify changes in overall abundant protein phosphorylation status after wounding. Additionally, selected Pro-Q Diamond-positive spots were analyzed by MS.
Results and discussion

Changes in protein phosphorylation stoichiometry
While visual examination of 2D gels revealed many spots stained with Sypro Ruby, Pro-Q Diamond, or both ( Fig. 1) , only the spots that could be reproducibly quantified were further considered. Image analyses were used to quantify the levels of both protein and phospho-protein that could be reliably attributed to all individual spots. Samples were isolated at time zero, and then at 10, 20, 30, 60, and 180 min after mechanical wounding. After the proteins were separated and stained, and the gels imaged, the time-index patterns in stoichiometry of protein phosphorylation were determined for each spot. Separating the data into either four or six clusters did not provide a statistically-defensible improvement.
Multidimensional scaling (MDS) was used to evaluate assignment of patterns to clusters (Antoine and Miernyk, 2009 ). An important use of MDS is in the reduction or a relatively large amount of data to a simple structure that is simple to visualize, and at the same time presents relationships in a parsimonious fashion. This is particularly important for the study described herein where an overall pattern can be strongly affected by the occurrence of a few relatively large (or in some cases, relatively small) samples.
A total of 270 protein spots on 2D gels passed our initial screen for reliability of detection (Pro-Q Diamond positive on at least three separate gels), and were evaluated for patterns of change in phosphorylation stoichiometry after mechanical wounding. The results from the first level of analysis indicated that the changes for 145 of the spots were random. Changes in the remaining 125 spots were non-random, and could be accommodated by five distinct patterns ( Fig. 2F -J). Spots assigned to cluster A showed a downup-down-up oscillating pattern, while those assigned to B followed had a steady upward trend ( Fig. 2F and G) . The pattern for the changes in protein-phosphate stoichiometry of the spots in cluster C was a steady decline followed by a sharp increase, and then leveled off (Fig. 2H ). The pattern for the proteins assigned to cluster D showed a near mirror-image pattern of those in cluster C. For the spots in cluster E, the pattern of changes were a kind of up-down oscillation with a decreasing amplitude.
The MDS pattern analysis results highlight the clustering heterogeneity. A good example is the comparison between patterns in Fig. 2A and the total cluster pattern shown in Fig. 2F . While it is easy to visualize the MDS pattern among the data, there clearly are multiple spots that have a variant pattern of time-index change in protein-phosphate stoichiometry. Nonetheless, forcing the data into either four or six clusters gave a result that was less statistically defensible (data not shown).
Differential Pro-Q Diamond staining has been previously used as an indicator of changes in the phospho-proteome during Brassica napus seed development (Agrawal and Thelen, 2006) , in rice plants in response to drought (Chitteti and Peng, 2007a; Ke et al., 2009) , when studying dedifferentiation in Arabidopsis thaliana (Chitteti and Peng, 2007b) , and in the roots of cucumber plants subjected to salt stress (Du et al., 2010) . In some cases (Agrawal and Thelen, 2006; Du et al., 2010) , only Pro-Q Diamond-staining Clustering of the results from pattern analysis. Data from 270 protein spots on 2D gels were evaluated for patterns of change in phosphorylation stoichiometry after mechanical wounding using the non-parametric Kruskal-Wallis 1-way analysis of variance with a p-value of 0.05. The patterns for 145 of the spots were random. Changes in the remaining 125 spots were non-random, and were analyzed using the K-means algorithm to sort the time-index patterns into five clusters (A-E). The cluster assignments were then refined and the inherent patterns of change (F-J) identified through multidimensional scaling (Antoine and Miernyk, 2009 ). spot volumes were determined while in other cases multiplex analysis was used to quantify both protein and phosphorylation for given spots. In the former case, especially in relatively longduration experiments, an increase in Pro-Q Diamond signal might represent an increase in protein without any change in the stoichiometry of phosphorylation. If the time-index is short (minutes), one can be reasonably confident that analysis of the results will not be confounded by either de novo proteins synthesis or specific protein turnover. Herein we describe the use of multiplex phospho-protein staining for analysis of a relatively short-term time-index series, wherein the underlying assumption is that groups of proteins that display similar patterns of protein phosphorylation are likely to phosphorylated by the same, the same family, or the same groups of protein kinases (Weintz et al., 2010) .
Phospho-protein identification
Of the 125 Pro-Q Diamond-positive spots that showed a time-index change in phosphorylation stoichiometry, only 41 yielded consistent MS data. All but one of the 41 Pro-Q Diamond-positive spots yielded at least one identifiable peptide. While determining the actual sites of phosphorylation was beyond the scope of this preliminary study, nearly all of the proteins identified as Pro-Q Diamond spots have previously been identified by others as phospho-proteins. It is well known that the activities of PEP carboxylase (Jiao and Chollet, 1989) , pyruvate Pi dikinase (Ashton et al., 1984) and PEP carboxykinase (Walker et al., 2002) are regulated by reversible phosphorylation. The 14-3-3 scaffold proteins are thought to be phosphorylated on both Ser and Thr residues, although the biological consequences of phosphorylation have not yet been established (Ferl, 1996) . Reversible phosphorylation of the Chl a/b binding protein is involved with the stacking of thylakoid membranes (Fristedt et al., 2010) . All members of the Hsp90 family of molecular chaperone proteins (typically referred to as Hsp82 in plants) are known to be phosphorylated under certain conditions (c.f., Stulemeijer et al., 2009 ). All of these proteins, plus GAPDH and ADPGlc pyrophosphorylase LSU, have previously been identified in phospho-proteomics profiling studies (e.g., Gao et al., 2009) .
With the exceptions of the Gypsy retrotransposon-related protein and AtPUF43 protein (Table 1) all of the presumptive maize leaf phospho-proteins are involved with either central metabolism, protein folding, or cellular signaling. For many of the proteins in Table 1 there is no indication of a pattern cluster assignment. This is because the protein-phosphate stoichiometry data for these spots failed the first level of analysis and could not be distinguished from random changes.
Signaling systems
In response to environmental stresses, plants employ signaling molecules such as jasmonic acid (JA; Wasternack, 2007) , salicylic acid (Halim et al., 2006) , ethylene (Broekaert et al., 2006) , and (Cutler et al., 2010) , which regulate plant responses to both abiotic and biotic stresses. One hypothesis is that mechanical disruption of the cell wall may induce stress signaling. While these signaling pathways have been extensively studied, knowledge of stress perception and initial signaling events are less defined (Walley et al., 2007) . Secondary messengers such as Ca 2+ , reactive oxygen species, and phosphatidic acid have been implicated in initial signaling cascades in response to both abiotic and biotic stresses. Mechanical wounding of maize leaves resulted in altered activity of the ZmCPK11 CDPK, as monitored using in-gel kinase assays (Szczegielniak et al., 2005) . Activity increased 15 min after cutting the leaves, then slowly declined to the basal level by 20 h. The rapid, transient activation of this CDPK indicates an involvement in the early stages of stress signal transduction. After the events that occur within the first minute after wounding (production and perception of primary signals, activation of ion channels at the plasma membrane), a second wave of wound-related signals directs either propagation of the defense responses or activation of systemic defense functions. Among the secondary signals are oxylipin alarmones including JA. There is also an alternative, JA-independent pathway leading to transcriptional gene activation, although both pathways are regulated by reversible protein phosphorylation (León et al., 1998 (León et al., , 2001 . In 14-day-old maize plants there is increased ZmCPK11 activity 60 min after treatment with MeJA suggesting that ZmCPK11 is involved in the JA-dependent pathway (Szczegielniak et al., 2005) .
The results from other studies of mechanically wounded maize leaves have implicated the participation of calcium ions and phospholipids in signaling (Muszyń ska et al., 1993; Szczegielniak et al., 2005) , but no direct measurement of potential signaling molecules has been undertaken. In the study described herein, measurements of ethylene emission were made at hourly intervals after wounding. At early time points (0-60 min), ethylene was below the threshold of detection. By 2 h after wounding, ethylene was at 1.2 nL/gfw, followed by a gradual increase to 2.3 nL/gfw at 6 h after wounding. The level of ethylene then remained approximately the same for at least 24 h after wounding (data not presented). Because the onset of ethylene emission was well after most of the changes we observed in Pro-Q Diamond staining, we believe it unlikely that this gaseous pheromone plays a direct role in early signal transduction in mechanically-wounded 14-day-old maize leaves.
Concluding remarks
We have established the use of multiplex protein plus phosphoprotein-staining of high-resolution 2D gels as a potentially useful method for visualizing changes in the phospho-proteome in response to mechanical wounding. Using this strategy, we have assembled a preliminary descriptive platform encompassing the early stages of maize leaf response to mechanical wounding. Future elaboration of this platform will help to develop a systems understanding of the interactive processes involved. We now plan to identify the involvement of specific kinases, phosphatases, and additional kinase clients, and to address the complex dynamics of information flow through the wound-induced signaling pathways.
Experimental
Plant growth
Maize (Zea mays ssp. mays L., cv. B73) seeds were germinated and plants grown in soil, in a glasshouse (day/night cycles of 14 h (26°C)/10 h (23°C). Leaves from 2-week-old seedlings were wounded by abrading the lamina a single time with 50-grit sandpaper. At the indicated times the wounded leaves were plunged directly into in liquid N 2 . Samples were stored at À70°C prior to analysis. Ethylene was quantified exactly as described by Han et al. (2010) . Measurements were made in triplicate at time zero, at 10 min intervals up to 60 min, at 60 min intervals up to 6 h, and then at 6 h intervals to 24 h.
Protein isolation and separation
Proteins were isolated from maize leaves using a minor modification of the phenol-based procedure previously described (Hajduch et al., 2005) . Protein pellets were resuspended in IEF extraction solution (8 M [w/v] urea, 2 M [w/v] thiourea, 4% [w/v] CHAPS, 2% [v/v] Triton X-100, and 50 mM [w/v] DTT). Protein concentrations were determined using the EZQ protein quantification kit (Molecular Probes, Eugene, OR, USA). Total protein samples (750 lg each) were subjected to isoelectric focusing on immobilized pH gradient (IPG) strips (24 cm, pH-range: 4-7) using Amersham IPGphor (GE Healthcare, Piscataquis, NJ, USA). Separations in the second dimension were done with 12% gels; electrophoresis was performed using the Ettan Dalt12 with 2W for 30 min followed by 2W/gel for about 12 h.
Protein staining
After 2-DE gels were fixed by incubating in a 250 mL solution of 50% [v/v] methanol containing 10% [v/v] acetic acid twice for 30 min, then washed twice for 15 min with 250 mL of deionized H 2 O. Then, gels were incubated in Pro-Q Diamond phospho-protein staining solution (Molecular Probes, Eugene, OR, USA) as previously described Thelen, 2005, 2009) . After staining and destaining, gels were washed twice for 5 min with deionized H 2 O, then imaged using a FLA 5000 laser scanner (Fuji Medical Systems, Stamford CT, USA) at excitation/emission wavelengths of 532/580 nm. The scanner was calibrated using the protein molecular weight standards. Laser intensity was adjusted until only the ovalbumin band was detected.
In order to remove the Pro-Q Diamond stain, the gels were washed for 1 h with three changes of deionized H 2 O, overnight in 40% [v/v] ethanol containing 10% [v/v] acetic acid, then three times for 10 min each with deionized H 2 O. The gels were rescanned to verify that the Pro-Q Diamond stain had been removed, then stained overnight with SyproRuby (Molecular Probes, Eugene, OR, USA). Subsequently, gels were rinsed in 10% [v/v] methanol and 7% [v/v] acetic acid for 1 h with three changes. Finally, the gels were washed with H 2 O prior to imaging with the FLA 5000 laser scanner at excitation/emission wavelengths of 473/580 nm. The Pro-Q Diamond and Sypro Ruby images report protein phosphorylation state and total protein level, respectively, and were matched using version 4.1 of the Delta2D software (Decodon GmbH, Greifswald, DE).
Image analysis
After scanning the gels, all images were sequentially matched using the standard in-gel warping strategy of the Delta2D software. The result of the combined meta-warping, a synthetic fusion Pro-Q Diamond-stained image, was assembled using the union option ( Fig. 3) . Positioning of spots was determined from the fusion image, and the spot map was propagated to all 36 images from the 18 experimental gels (Two biological replicates per each of six time points, one of which was additionally technically replicated). This strategy allows uniform spot quantification on all of the gels. After a background subtraction, spot volumes were determined. Each of the 18 gels has a Sypro Ruby (total protein) image plus a Pro-Q Diamond (phosphoprotein) image; the total protein images were selected as the internal standards. The individual Sypro Ruby spots from each image were normalized to the total Sypro Ruby spot volume of the image, while the Pro-Q Diamond images were normalized to a corresponding internal standard image. The resulting values correspond to phosphorylation stoichiometry at any given time-index value. Fig. 3 . Image analysis flow-diagram. All gel images were sequentially matched using the standard in-gel warping strategy of the Delta2D software. The result of the combined meta-warping, a synthetic fusion Pro-Q Diamond-stained image, was assembled using the union option. Spot positioning was determined from the fusion image, and the spot map was propagated to all 125 spots from the 36 images/18 experimental gels. Each of the 18 gels has a Sypro Ruby (total protein) image plus a Pro-Q Diamond (phosphoprotein) image; the total protein images were selected as the internal standards. This strategy allows uniform spot quantification on all of the gels.
Statistical analysis of the changes in phosphorylation stoichiometry across multiple gels used the Delta 2D Multi Experiment Viewer (MeV). A total of 270 spots were subjected to the nonparametric Kruskal-Wallis 1-way analysis of variance using a p-value of 0.05. The result was acceptance of 125 spots as changing in a non-random pattern. Data from these 125 spots were analyzed using the K-means algorithm (Andreopoulos et al., 2009) to sort time-index patterns of protein-phosphate stoichiometry into five clusters.
The time-index changes in protein-phosphate stoichiometry were analyzed for patterns of similarity/dissimilarity using MDS (Ding, 2005) , as previously described Miernyk, 2008, 2009 ). The use of non-metric MDS exposes the non-parametric monotonic relationship between the dissimilarities of members of clustered patterns and the Euclidean distance between the data patterns, using isotonic regression (Mugavin, 2008) .
Protein digestion and MS analysis
Second dimension 12% gels were stained overnight with Coomassie brilliant-blue G-250, then destained with reagent-grade H 2 O. After gels were destained, selected spots were manually excised and transferred to 1.5 mL centrifuge tubes. The gel plugs were washed with at least three exchanges of 500 lL of wash solution (50% [v/v] acetonitrile, 50 mM ammonium bicarbonate) and incubated at room temp for 30 min with gentle agitation or until the Coomassie dye was no longer visible. The gel plugs were dehydrate by washing twice for 20 min with 100% acetonitrile, followed by air-drying.
Sequencing grade trypsin (Princton Separations, Adelphia, NJ, USA) was dissolved in 50 mM ammonium bicarbonate at 0.02 lg/ lL. The dried gel plugs were rehydrated with 25 lL of the trypsin solution and incubated on ice for 1 h. Excess trypsin solution was removed and replaced with 30 lL of 50 mM ammonium bicarbonate, and digestion was continued overnight at 37°C. After microcentrifugation, supernatants were transferred to a clean 0.5 mL centrifuge tubes. Thirty microliters of 60% acetonitrile containing 1% TFA were added to the gel plugs, which were sonicated for 10 min in a water bath. This sequence was repeated a second time. Samples were centrifuged, supernatants were combined, frozen, lyophilized, resuspended in MS grade H 2 O, re-frozen, and lyophilized. Finally, peptides were resuspended in 5 lL of 50% acetonitrile, 0.1% TFA, sonicated in a H 2 O-bath, and clarified by microcentrifugation. Samples of 0.5 lL were spotted on a MALDI plate followed by 0.5 lL of a-cyano-4-hydroxycinnamic acid matrix (10 mg/mL in 50% acetonitrile, 0.1% TFA, and 10 mM (NH 4 ) 3 PO 4 ). The 4700 Proteomics Analyzer (Applied Biosystems, Framingham, MA, USA) was operated in positive ion mode and spectra were acquired over a mass range of 700-4000 Da. The 4700 peptide calibration standard mix (Applied Biosystems) was used to calibrate the instrument in MS mode using six peptides of known mass. Calibration was achieved by the ''plate model and default'' mode for MS of six external calibrant spots. Tandem MS calibration employed fragment ions of the 1570.7 Glu-1-Fibrinopeptide B on all six calibrant spots. Additionally, internal (i.e., within the sample spot) calibration was achieved using trypsin autolysis peptides. All MS analyses were conducted in the reflector mode. Following the MS scan of each sample, the eight most abundant non-trypsin ions were selected automatically for MS/MS acquisition.
Database searches were performed using V3.6 of GPS Explorer (Applied Biosystems). Ions with s/n ratios >20 up to a max of 65 per spectrum were submitted for searches against the NCBInr database limited to green plants, using the ''combined MS and MS/MS'' function of the software. This combined search uses peptide mass plus peptide fragmentation data to find confident matches in the database. The database was downloaded July 23, 2007, and contained 424,627 proteins. The GPS Explorer software is an integral component of MASCOT V2.1 (Matrix Science Inc., Boston, MA, USA); the MS mass tolerance used was 100 ppm and MS/MS mass tolerance was 0.25 Da. One missed cleavage was allowed, Cys carboxyamidomethylation and Met oxidation were considered as fixed and variable modifications, respectively.
